Abstract
Introduction 27
Alkali-silica reaction (ASR) occurs on structures that contain some specific siliceous reactive 28 aggregates. Engineers discovered this pathology through the observation of cracking on basements. 29
Among large civil engineering structures, concrete dams, in particular, are subject to structural effects 30 caused by ASR [1] [2] [3] [4] . This is mainly attributable to the concrete composition and climatic conditions 31 such as water supply. These swellings can lead to damage and cracks on structures and result in a 32 decrease of their stability. 33
The main aim for dam owners is to ensure the safety of the population while optimizing 34 maintenance. Many authors are working on ASR modelling in order to predict the long-term 35 behaviour of affected structures [5] [6] [7] [8] [9] . Relevant modelling can also anticipate the choice of options 36 during repairs. 37 ASR expansion occurs in structures that sustain significant loads, such as bridge piers, or are 38 restrained by external loading conditions, such as dams in valleys. Restraining expansion by 39 reinforcement and prestressing in structures also causes stresses during expansion. In order to manage 40 the damaged structures, owners need reliable tools to predict future damage. Stress free ASR swelling 41 has been largely studied and several models reproduce the phenomenon realistically. Despite the 42 number of experiments, ASR swelling under restraint is not yet fully understood and modelled. 43
The aim of the present paper is to describe the impact of applied stresses and stresses induced 44 by restraints due to reinforcement or boundary conditions on ASR-expansion and anisotropic cracking. 45
In the model, the anisotropy of expansion is not introduced through chemical loading with empirical 46 relationships but by the resolution of the mechanical equilibrium between stresses (due to external 47 
Gel pressure 111
The fraction of gel produced by the reaction per m 3 of concrete is . It is the product of the 112 advancement and the maximum gel potential ∞ , which is a characteristic of the material (7). 113 = ∞ .
(7) 114
Gel exerts a pressure (8) on aggregate and concrete. In this model, a macroscopic approach 115 is used and is the average pressure assumed to be transferred by the aggregate to the concrete. It 116 mainly depends on the accessible porosity, the initial porosity or that created by strains (elastic or 117 plastic). 118
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119
is the fraction of gel not effective in creating expansion under characteristic pressure fixed at the 120 effective tensile strength ̃ (gel that is non-swelling for chemical reasons, or gel migrating to 121 available porosity). For a specimen in free swelling conditions, when the gel pressure reaches ̃, 122 micro-cracking of the concrete element begins. In cases of constrained swelling, the pressure needed 123 
to start cracking rises because it is partially balanced by the external stress as explained below. Then, 124 the gel amount (which migrates into the connected porosity of the concrete) increases. It leads to 125 delayed, anisotropic cracking. The management of these aspects will be clarified in the section related 126 to the modelling of ASR cracking. 127 is the gel Biot modulus, which is obtained from a poromechanical definition (9) . is the initial 128 porosity.
is the skeleton bulk modulus defined by the Young's Modulus and the Poisson coefficient 129 (10). is the Biot coefficient, which is obtained from poromechanical considerations [13] . 130
= 3(1 − 2 )
Several authors have tried to measure the gel bulk modulus (9) or the gel Young's Modulus 131
. 
Modelling of ASR cracking
154
In this model, the cracks created by ASR are represented by plastic strains. When specimens 155 are subjected to drying shrinkage after ASR expansion, the shrinkage strains are the same as for 156 specimens without ASR before drying [20] . During shrinkage, the strains are not modified by theprevious expansions, which can thus be represented by irreversible plastic strains. The swelling 158 difference between aggregates and paste induces a shift between lips, which leads to irreversible 159 plastic strains even when the pressure changes in ASR-gels. 160 is used to determine micro-cracking due to ASR by a special criterion , which takes the 161 stress state into account (11). ̃ is the principal tensile stress in direction I. 162
The hardening law that links ASR pressure to ASR strain can be drawn with a bilinear curve 163 (Fig. 2) .
represents the bulk modulus, E c represents the concrete Young's modulus and h asr the 164 plastic hardening ratio (h asr . Ec is the hardening modulus). h asr is less than 0.05 and may be 165 determined by analysing the results of low stress state experiments. These results come from the 166 analysis of beams studied by Multon et al. [20] . 167
During free swelling, when the gel pressure reaches , ASR induces the creation of micro-168 cracks that are filled by the gel. The corresponding strains are modelled using plastic strains. A 169 coefficient ℎ close to 0 means that, when is reached, plastic ASR strains rise very quickly with 170 a slight increase of pressure (as P g is proportional to ℎ ). If ℎ is not zero, the evolution of ASR 171 plastic strains is possible only if the gel pressure increases, and the micro-cracking induced by the gel 172 is stable. 173
This quantification of the micro-cracking also expresses the fact that ASR-cracks do not 174 appear for exactly the same advancement in all aggregates in stress free conditions. In reality, 175 heterogeneity of ASR-cracking can be observed due to variations of tensile strength in the concrete, 176 which lead to progressive cracking with increasing gel pressure. The plastic hardening law provides a 177 good simplified representation of this phenomenon. 178
In free swelling tests, the plastic criterion (11) is reached in all directions at the same time and 179 cracks appear in all directions (Fig. 3) . However, once specimens are loaded, cracking is oriented 180 perpendicularly to the loading direction (Fig. 3) . The anisotropy of cracking leads to the expansion 181 anisotropy that is usually observed. This is obtained by Eq. (11 in the model, in which compressive 182 stress delays cracking (while tensile stress can accelerate it) in the loading direction. With Eq. (11, 183 when a compression stress is applied to concrete ( < 0), cracking first appears in a direction 184 perpendicular to the loading (directions II and II in Fig. 3) . Then, increases, depending on the value 185 of ℎ . If R I g − can also be reached in the loaded direction, cracking can also be initialized 186 perpendicular to this direction (major principal direction in Fig. 3) . (Fig. 4) shows a usual main cracking direction (the direction of the steel bars). However, one 191 crack is perpendicular to the main cracks. In reinforced structures, stress is induced by the gel pressure 192 itself and increases slowly. The ASR plastic criterion is the first to be reached because σ I (= ) 193 is smaller than P g (= R t ) with < 1. The material is in compression but not enough to prevent 194 cracks from occurring, so it can crack due to gel pressure perpendicular to the reinforcement. Larive 195 [14] applied external compression stress to a sample but the applied stresses (5 and 10 MPa) seem to 196 have been too high for cracks to be observed perpendicular to the applied stress direction. 197
Numerically, swelling is evaluated through ( + ) (which expresses the plastic strains 198 (cracking) and the creep strains induced by the gel), and through the elastic strain induced by ASR 199 swelling (12) . (validated on experimental tests [24] ). These two types of damage are included in the total stress 213 formula (1) . 214
215
Free swelling
Swelling under uniaxial load σ 
Experimental conditions 223
Numerical results were compared to the results of Multon's tests [10] in order to validate the 224 model. In this experiment, specimens were loaded in uniaxial compression and the radial displacement 225 was restrained by steel rings surrounding the concrete cylinders (Fig. 5) . After fitting creep and 226 shrinkage on non-reactive material, the first step was the calibration of ASR parameters. A global 227 calibration was performed to validate the model with all restraints and loads. 228
During these experiments, a 28 days curing period was applied at 20°C. Then, the temperature 229 was increased to 38°C. Results are presented after the curing period. Shrinkage cylinders were sealed 230
with three layers of aluminium foil but they still showed a mass loss [10] . 231
Before fitting material parameters, some physical values were measured: the tension strength 232 and Young's Modulus were equal to 3.7 MPa 37.2 GPa respectively. 233 
Calibration methodology 236
Creep and shrinkage were first calibrated on a non-reactive specimen (Fig. 6 ). From the mass 237 loss, the environmental conditions and the fitting strains were reproduced faithfully through the Van 238
Genuchten law (two material parameters ℎ and b, Eq. 15 [25] . Then, creep tests at 10 and 20 MPa 239 simulated the material behaviour under long-term uniaxial loading. Four parameters were necessary to 240 fit the creep: two characteristic times for reversible and irreversible creeps, one for the modulus of the 241 reversible part and one characteristic strain for the irreversible part. 242
During the first days of experimentation in the steel rings test, lateral concrete strains were 243 negative, meaning that the concrete and steel were no longer in contact. To avoid initial cracking or 244 use of an interface law, the Young's Modulus of the steel rings was numerically set close to zero until 245 strains became positive again. 246
Then, the maximum gel volume, g ∞ , and the fraction of non-effective gel, g ∞ , were 247 calibrated by a free swelling test. Tests with steel rings put the material in multi-axial restraint. In this 248 state, the gel Biot coefficient, b g , was fitted. 249 and longitudinally loaded (blue and red) swelling curves were fitted; the behaviour was well 254 reproduced. Transversally (yellow and green curves), the kinetics given by the model was a little fast. 255
Calibration analysis
At the asymptote, the 20 MPa case was correctly reproduced but 10 MPa final strain was too high. 256
Experimentally, unloaded strain and transversal 10 MPa strain were quite similar while the loaded 257 strain was expected to be higher than the unloaded one (due to the Poisson effect). 258
For restrained tests ((c) and (d) in (Fig. 6) , loaded tests were reproduced faithfully. Transversally, 259 stress free tests were well simulated (black curves). Longitudinally, the kinetics was a little fast. Due to ASR expansion and the Poisson effect on loaded tests, radial stresses developed on 268 these rings. These stresses were extracted from the calculations (Fig. 7) . Model results gave radial 269 stresses between 1.2 and 5.4 MPa (compression stresses). Radial stress curves contained four parts: the 270 application of external stress (between 0 and 1 day), the latency period before expansion became 271 significant (between 1 and 80 days), the expansion period (between 80 and 350 days) and the part 272 where the reaction was over and shrinkage became the main deformation phenomenon. 273
During the latency period, radial stress was nearly zero for unloaded specimens because 274 shrinkage was greater than the gel pressure, so the concrete and the steel rings were not in contact. The start of expansion depended on the applied stress. The evolution of P g was proportional to 280 the strains. The increase of the stress in 5 mm thick steel rings was more significant because the 281 rigidity slowed the radial strain (for the same applied stress). The more restrained the cylinder was, the 282 faster the radial stress increased (Fig. 7) . At 650 days, the gel pressure, representing the average 283 pressure transferred to the aggregate surface, varied from 4.6 MPa to 10.0 MPa according to the stress 284 state (Fig. 8) . As expected from the model equations, the maximum pressure was obtained for the 285 
Impact of restraint 290
Based on calibration using Multon's tests, the model reproduced the effects of stresses and 291 restraints on ASR expansion faithfully. In these tests, the rigidity of the steel rings was not infinite. 292
They were deformable whereas, in reality, restraint can be more rigid (in the case of a dam for 293
example). 294
This part describes a theoretical test performed in order to analyse the effects of perfect 295 restraint on ASR-expansion (displacement equal to zero in blocked directions). The aim was to 296 compare the behaviours of expansive concrete with restraints or applied stress (in the next part). To 297 facilitate the modelling of mechanical boundary conditions, a cube was modelled. It was restrained in 298 from one to three directions (Table 4) . In order to analyse the concrete behaviour under ASR-pressure 299 only, the tests were calculated without shrinkage. This avoided problems of debonding between the 300 boundary condition and the concrete. Stresses were applied after 28 days. 301
In Multon's free swelling test, the strain at 700 days approached 0.08 % (without shrinkage). 302
For these theoretical tests, ASR maximum volume was fixed in order to obtain a usual but larger 303 expansion -equal to 0.3%. Fig. 9 shows the calculations for a strain of 0.3% with a maximum gel 304 First, strains in free directions were compared (Fig.10) . Strain in free directions increased by 310 25% compared to stress free expansion when the cube was restrained in one direction and by 65% 311 when it was restrained in two directions. 312
After running a free swelling test and multi-direction perfectly restrained expansion tests, 313 stresses were extracted (Fig. 11) . The stress in restrained conditions could be described in two phases: 314 a slow increase of the stress before first cracking (0 to 80 days), then fast increase after first ASR 315 damage. For these conditions of perfect restraint, the maximum stress lay between 3 and 7 MPa of 316 compression (for 1 to 3 restrained directions). It should be noted that final stress was not directly 317
proportional to the number of restrained directions. Gel pressure rose strongly if three directions were 318 restrained because this constituted full confinement. If the free maximal strain was 0.3%, an isotropic 319 In the next part, stresses obtained in these tests are applied instead of restraints to analyse the 334 differences between the effect of restraint and the effect of stress on ASR-expansion. For example, for 335 the 3-direction restrained tests, stresses are applied from 0 to 7 MPa in these directions. 336
Impact of stresses 337
Compressive stress 338
Many structures (prestressed ones for example) are subjected to compressive stresses before 339 ASR swelling appears. The aim of this part is to compare the behaviours of restrained structures and 340 structures subjected to stress during ASR swelling. 341
For the specimen restrained in one direction, induced stresses were between 0 and 3 MPa. 342
Here, they were applied in increments of 0.5 MPa. Fig. 12 shows the strains obtained for different 343 loads in the stress direction. The larger the applied stress, the smaller the final strain. Above 1 MPa of 344 compressive stress, the latency period depended on the stress state because creep strains were larger 345 than the strains induced by the gel pressure. This period varied from 50 to 245 days. For the 3 MPa 346 test (close to the maximum pressure obtained in the restrained test), the final strain was close to 0. 347 Strain decreased proportionally to applied stress. The modelling was thus consistent when expansions 348 under restraint and under applied stress were compared. According to the stress amplitude and ASR-349 latency time, creep was first predominant in the concrete behaviour. The final difference between 350 restrained and applied stress tests was due to creep. The 5 MPa case (Fig. 12) showed that there was 351 no swelling after a compressive stress threshold (here between 3 and 5 MPa). There was no cracking 352 in the loading direction. In Larive's tests [14], a 5 MPa uniaxial compressive stress was applied to the 353 specimen. Cracks only appeared parallel to the loading direction, while cracking was isotropic in the 354 stress free specimen. 355 Fig. 13 shows the damage in the loaded and free directions for the 3 MPa loading test (one 356 direction loaded). The first damage was in the unloaded direction and then the loaded direction was 357 slightly damaged (here for a coefficient h asr = 0.03). There was a delay between the start of cracking 358 in the different directions, as explained in Fig. 3 . The free direction was less damaged than the loaded 359 direction. This represents the effect of compressive stress on the anisotropy of cracking due to ASR-360 expansion. The difference depends directly on the applied stress. For a smaller stress, the damage 361 perpendicular to the loaded direction is greater while, for a stress higher than about 3 MPa, we can 362 expect to obtain no damage perpendicular to the loaded direction. As damage directly affects the 363 Young's modulus, the material becomes anisotropic; the Young's modulus will be smaller in the free 364 direction while the mechanical performances are less affected in the loaded ones. 365 366
Fig. 12. Strains in loaded or restrained direction. 367
ASR damage is not linearly proportional to the stress applied (Fig. 14) and, in the model, the 368 material parameter , (ASR characteristic strain) allows this phenomenon. It weights ASR plastic 369 strains when calculating ASR damage (13). Furthermore, when the stress was applied, gel pressure 370 had to reach a higher value in order to exceed the cracking criteria. This took time and damage became 371 delayed. When the specimen was restrained in one direction, it became damaged more rapidly as soon 372 as the swelling began but the damage development was slowed down because the induced 373 compressive stress also increased slowly. Finally, restraint test specimens can be compared to 374 reinforced structures and applied stress test specimens to concrete structures such as bridge piers or 375 prestressed beams. 
When the applied stress is smaller than the stress threshold , the strain is equal to (a material 384 parameter). When the applied stress exceeds the threshold , the strain decreases from to zero. 385 is a material parameter that fits the slope of the decrease. 386
In Fig. 15 , the parameter K from Charlwood's law has been fitted with the least squares 387 method on 1D model results ( = 0.0027, = 0.003, = 0.3 ). Charlwood's law is more non-388 linear than this model (Fig. 15) and it does not consider differences of behaviour between uniaxial and 389 multi-axial loading. For this fitting, Charlwood's law strain is close to the model in 1D for small 390 
Impact of unloading
398
In this part, the impact of unloading during swelling is studied. When an owner tries to 399 understand the ASR damage in his damaged structure, core drilling is often used. This action leads to a 400 relaxation of stresses in the sample taken. It can also represent the breaking of a prestressed bar. The 401 material used here was the same as in part A. Specimens were loaded at 28 days and unloaded at 200 402 days (for an ASR-advancement of about 0.7). 403
In the loaded direction, strains were negative after application of the load, because of concrete 404 creep, and before ASR swelling, according to the applied stress value (Fig. 16) . When the material was 405 unloaded, the strain in this direction occurred very fast and tended towards the free swelling strain 406
value. This result confirms the analysis performed in [27] .The final difference between free swelling 407 and unloaded tests strains was small but proportional to the applied stress. It was due to the 408 irreversible creep strain reached before swelling. When the stress was removed, strain in the initially 409 unloaded direction stopped growing and all the swelling went to the initially loaded direction (Fig.  410 Charlwood (least squares method on 1D points) 17). At this time, the ASR criterion in the initially loaded direction was reached instantly: it passed 411 from R I g − to R I g , the tensile strength of the concrete (Fig. 3) . There was a jump in displacement. In the initially unloaded direction (Fig. 17) , at 200 days, strains decreased slightly. When 417 strong swelling is in progress on an initially loaded direction, ASR plastic strains , increase fast. In 418 (8, this strain directly impacts the mean gel pressure, which decreases abruptly (Fig. 18) . Therefore, 419 the ASR strain lost part of its elastic strain. This explains the decreased strains in the initially unloaded 420 direction. In reality, this effect can be decreased by ASR-gel exudations as noted by [28] . When gels 421 permeate out of drilled cores, pressure decreases brutally and expansion can slow down and stop. In 422 any case, this modifies the expansive behaviour of the concrete. 423
Due to stress release and its impact on expansion, unloading could imply high ASR damage in 424 the initially loaded direction (Fig. 19) whereas there was no damage in this direction when the 425 
Tensile stress 434
In order to complete the theoretical analysis, the same kinds of tests were performed with 435 tensile stress. Here, specimens were loaded in one direction only with tensile stresses of 0.5 and 1 MPa 436 (a higher value cannot converge due to coupling of the tensile damage with ASR damage, which leads 437 to specimens cracking). Strains in the loaded direction are summarized and compared to free swelling 438 in Fig. 20 . First, it is important to note that tensile stress accelerated the ASR swelling (Fig. 21) . This 439 can be explained by the ASR plastic criterion being reached sooner for tensile stress. Secondly, the 440 final strain induced by expansion in concrete subjected to tensile stresses increased (Fig. 20) . In real 441 structures, tensile stresses can be induced by moisture gradients and restrained. Thus, in reinforced 442 concrete, the tensile cracking criterion could be reached first, due to restrained shrinkage before ASR 443 expansion. This could finally accelerate the apparition of the first expansion compared to stress free 444 conditions. However, once swelling occurs, compressive stresses will rise due to expansion restraint 445 and expansion will decrease compared to expansion without compressive stress. 446 447 Consecutively, ASR damage increased with the load in loaded directions (Fig. 22) as the solid 451 skeleton had to support concurrent stresses: gel pressure and structural stress. Damage was non-linear 452 because of the ASR characteristic strain , 
Impact of reinforcement on ASR-expansion
456
In many damaged structures, the effect of stresses on ASR expansion is mainly due to restraint 457 by reinforcement. In this part, the impact of reinforcement on specimens subjected to ASR is analysed 458 on the basis of the calibration obtained for Multon's tests, which quantified the impact of stresses on 459 ASR-expansion. The focus is particularly on the anisotropic effect of reinforcement and on induced 460
stresses. 461
In order to approach the behaviour of structures, real conditions were simulated: the shrinkage 462 was taken into account and steel was used instead of perfect restraints. The main specimen was a 463 concrete cylinder 1 metre high and 13 centimetres in diameter (Table 5) (Table 5) . Table 5 . Scheme of specimen geometries. 472
In terms of anisotropy, the ratio of the longitudinal and transversal strains (respectively and 473 ) to the longitudinal and transversal strains in the free expansion condition ( ) were compared for 474 each test (Table 6 ). The longitudinal ribbed bar had a strong impact on longitudinal strain: about 50% 475 of its initial value. The transversal strain increased by 20%. In the case of steel rings, longitudinal 476 strain increased (30%) while transversal strain decreased (to 50% between the longitudinal axis and 477 the rings). When both reinforcements were used, longitudinal strains were reduced to half (between 40 478 and 60% of the free swelling value). Transversally, the difference depended on the location: between 479 the ribbed bar and a ring, concrete was confined and strains were reduced by 35%. However, between 480 two rings, strains grew due to the reinforcement in the transversal direction, as restrained parts helped 481 to increase the strain in this direction. These results are drawn on the deformed shapes of specimens in 482 Table 7 . 483 Table 6 also gives stress values inside the concrete and the steel. In concrete, the confinement 484 increased the compression stress value (from 0 to 3.3 MPa). In the steel bar, stress could reach 300 485
MPa when the confinement was strong. Here, it is not sufficient to induce lamination of the steel but it 486 is primordial if the steel is designed as a structural part. Table 7 . Displacement in transversal direction T, drawn on the deformed shape. 490 Table 8 was restrained in the transversal direction and strains were thus mainly longitudinal in that place 500 because of anisotropy. This implies considerable damage in the longitudinal direction (transversal 501 cracks). In the transversal direction, the maximum plastic strain was far from the steel rings as the 502 swelling of the external concrete was restrained by the rigidity of the rings. When the ribbed bar and 503 steel rings were used together, the debonding effect was still noticeable but just between rings. The 504 rings restrained material expansion in the core of the specimen, which prevented debonding of the 505 longitudinal bar. There was less damage inside the steel rings due to confinement by the bar. However, 506
there was more damage outside because the concrete strains between the rings were greater than in the 507 previous test. According to the importance of restraint (number of stirrups compared to the concrete 508 section), the ultimate bonding strength could increase as observed qualitatively in [29] . Otherwise, 509 cracking could be delayed under external loads thanks to ASR prestressing in reinforced structures. 510
Experimentally, a reinforced wall was affected by ASR cracks later than a sound one [32] . 511
It is interesting to analyse the effect of reinforcement on cracking anisotropy and the impact on 512 the analysis of structures for future prognosis. Table 8 shows two core samples drilled in the same 513 place in specimens in stress free conditions (marked as 1 in Table 8 ) and with a longitudinal ribbed bar 514 (marked 2). The first sample, taken in the free swelling test exhibits ASR isotropic damage of about 515 0.5 (corresponding to a plastic strain of 0.3%). The second one, extracted from the longitudinal ribbed 516 bar test, exhibits ASR cracks mainly oriented parallel to the bar (ASR damage: 0.65). Due to restraint, 517 ASR damage in the other direction is about 0.35. Thus, if these cores were used to measure the 518 residual mechanical strength of concrete, the core drilled in stress free conditions would lead to a 519 decrease of 50% while the core drilled perpendicular to the reinforcement would lead to a decrease of 520 65% and the core drilled parallel to the reinforcement to a decrease of only 35%. Usually, affected 521 concrete properties are assessed from compression tests; therefore compressive damage is smaller 522 than tensile damage (14). For instance, the last tensile damage (65% and 35%) corresponded 523 respectively to compressive damage of 27% and 12%. This difference is obviously important for 524 future calculations since underestimating the Young's modulus can lead to a large overestimate of 525 the structure deflection. 526 527 The behaviour of reinforced samples and the impacts of compressive and tensile stresses on 529 ASR-expansion have been explained. The flexural behaviour of ASR-damaged beams can be deduced 530 of the previous analysis. In reinforced structures, the steel bars imply expansion restraint and thus 531 chemical presstress. From Table 6 , it can reach about 1.8 MPa to 3.3 MPa depending on stirrups 532 distribution. Theses stresses due to restrained expansion leads to an increase of the tensile strength and 533 to a decrease of the compressive strength in the reinforced structures. When the loading is applied, the 534 stress necessary to cause the cracking of the concrete is the tensile concrete strength plus the chemical 535 prestress. Compared to a non-reactive reinforced beam, mechanical cracking due to flexion is delayed 536 since the loading necessary to cause the cracking of the part of the structure in tension is higher. This 537 behaviour is confirmed experimentally [33] . In the parts in compression, the compressive strength is 538 decreased (about 1.8 MPa to 3.3 MPa). Indeed, structural cracking in uniaxial compressive test 539 without ASR is due to dilatancy in unloaded directions, it is called a shear damage. ASR expansion is 540 restrained by the reinforcement, strains are transferred in the other directions (Fig. 13) . So, the 541 compressive strength is reduced in the parts of the structures submitted to compression. It could have 542 an impact on the final break of the beam but it is often negligible because the compressive strength is 543 often about ten times higher than the chemical prestress. Furthermore, for prestressed beams, the 544 flexural behaviour explained for reinforced beams is similar: the benefit is improved on the part in 545 tension and the compressive strength is reduced. 546 547 548
Conclusion
549
The aims of this paper were to show how restraint and stress can modify ASR expansion and to 550 propose a model able to take this effect into account. First, the model was presented. It considers both 551 ASR mechanisms and physical phenomena, such as creep, damage and their coupling, so as to be 552 representative of concrete behaviour. Attention was focused on the gel pressure and on the hardening 553 law chosen to manage the cracking due to ASR. The gel pressure calculation took elastic strains and 554 ASR plastic strains into account in order to respect the principles of poromechanics when representing 555
cracks. 556
The model was calibrated and validated on experimental results [10] . Specimens were tested 557 under several mechanical conditions: creep and shrinkage without ASR, free swelling with or without 558 loads, restrained swelling (with 3 and 5 mm thick steel rings) with or without longitudinal loading. 559
The calculations show numerical results that are realistic when compared to experimentation. 560
Based on this calibration, a theoretical analysis was carried out: 561
1. The comparison of expansion under restraint and stresses pointed out the importance of loading 562 chronology in ASR kinetics. 563 2. For a final expansion of about 0.3%, a maximum stress of about 3 MPa is reached in the case of 564 expansion that is perfectly restrained in only 1 direction. This seems realistic compared to 565 field experience [26] . 566 3. For a specimen restrained in three directions, the maximum compressive stress can be expected 567 to be greater and reached about 7 MPa in this work (for a stress free expansion of 0.3%). This 568 result will depend on the capacity of ASR gels to move in the porosity of concrete aggregate, 569 which is taken into account in the gel pressure equation. 570 4. Simulated unloading tests during swelling showed that specimens extracted from a structure 571 could crack rapidly due to the relaxing of stress and thus would impact future prognostic tests. 572 5. Tension stresses during ASR swelling could lead to premature and greater expansion. 573
Finally, restrained tests were carried out with steel reinforcement (longitudinal ribbed bar and 574 transversal steel rings). They enabled conclusions to be drawn on ASR development in reinforced 575 structures and could help experts in the management of ASR reinforced and damaged structures. The 576 combination of coring direction with cracking anisotropy can lead to differences in the analysis of 577 structures. For a reinforced structure, the stress state can induce anisotropic cracking that leads to weak 578 and strong zones of material which depend on the loading or restraint directions. Basing a prognosis 579 on such tests (residual expansion tests and / or mechanical tests on cores drilled from structures) could 580 thus lead to the structural consequences of ASR being poorly estimated. 581
